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SOURC*JERK ANALYSISUSINGA SEMI-EXPLICIT
INVERSEKINETICTECHNIQUE

&egory D. Spriggrn●nd Ray A. Pederson
LOS Alamo.NationalLaboratory,MailStop J562,Ios Al-s, NM 87545

ABSTRACT

A method is propooed for ussuring the ●f f act lvt teproduct ion f ●ctor, h,
in subcriticalcyatem. ‘l’hemethod uses the transient raaponse of ● subcri-
tical systemto the suddenremovalof ●n ●xtraneouoneutron source (itc., ●

source jerk). Yhe response is ●nalyzed using ●n inverse kinetic technique
that least-squarma fit. the ●xact ●nalytical solution corresponding to ●

source-jerktransient●s derivedfrom the point-raactormodal. It has been
foundthat the techniquecan providean ●ccuratemeansof measuring k in oys-
teme that ●re close to critical (i.e., 0.95 < k < 1.0). Ae 4 ●yotem becomet
more subcritical (i.e., k << 1.0) cpatial ●ffectc can introduce significant
biaaaodependingon ths source●nd detector positions. liowevar, methods are
●vailable that can correct for these biaees and, hence,can M11OWme~8ud\ig

eubcriticalityin systame *ithk ●a low ●s 0.5.

INTRODUCTION

Sacent Intme.t in meaauringk in subcriticalcyctamefor whichk << 1.0
has spurred the development of sweral new techniques ●nd ha. reincarnated●n
old, but seldomused technique,the “source jerk”. Briefly, the murcqjerk
tachnique is ●, follows. A neutronmurce is placedintoa subcritical,ayo-
tem, ●nd the neutron density IS ●llowed to reach●n ●quilibri- value propor-
tiontilto tha murca strength and inversely proportional to the quantity
(A -k). ‘h source 1. then rapidly ●joctod (or jerked) from the sycttmand
the resultanttransient observed. ‘fhe reactivity of the eystam is then
infarred from ●nalysis of the transient data. In the pact, there have been
two snalyzis techniques (1) the prompt-drop●pproximationand (2) tha inte-
gral-fluxmethod. A brl~fdescriptionof thasatwo methodo will be proeentd
balow followed by the description of ● naw method, “the ●ai-expliclt invarse
kinetic technique”.

PROl@WDROPAPPROXIMATION~THOD

It ie not knownwho originallyderived tha prompt-drop●pproximation,
but the fir-t rafermce to it- uoe in nasuring the reactivity of ● subcriti”
cal ●yetemvie tha sourcejerk tschnique we -de by Jankwski ●t ●l.[1]
Uoing tht nomenclatureof Wtrick [2], it can be shownthat tho reactivityof
the eyet~m can ba related to the sudden dtop in power i~diately following
the rtourca jark via



+--(=) ‘
(1)

where p = reactivity [dcfinod ●s (k - 1)/kl, B - ●ffectivedelayedneutron
fr-ction,~= initial●quilibri- neutrondensity,n = neutrondensitylevel

iobtain~dimmediately●ftm sourcejerk,●nd ~- fine ●quilibriumneutron
density(i.e.,background).b the derivationof Eq. 1, it was ●ssumedthat
nonremovableneu~ronsources may be presentin the system. Thesemightirr
eludecxtranoouoneutron.producedby spontaneousfissioning~photo-neutrons,
●tc. Note thatthe reactivityis measuredin termeof “dollars’”(i.e.,p
‘“,-!+4by S). ‘XIV’Sis an inherentcharacteristicof ●ll reactivitymeasure-
aantsbas~dqon tha dynamicresponseof ● reactor. The responseis governed
b~rictlyby the ratiop/8, not p. It should●lso be noted that Eq. 1 ia
d-~-ivodfrom the point-reactor model,●nd hence~ ●nd nl ●re interpretedto
LM tutrondenaitieoproportionalto the@damental mode of the transient
be ~~ior of the nnutrondensity.
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Figure1
Mutron density●a ● functionof time, Illustrating

● source-jerkmeasurementof reactivity.



Althoughthismethodworks,in principle,it has several●hortctxmings
thathave limitedits use. First,●nd foremost,it is very ●uoceptibleto
spatial●ffectsproducedby the rapiddecayof higherflux harmonice present
duringthe initialportionof the transient,the point in time@t whichnl IS
meaoured. Ibnce,a poorlypositioneddetector or source will yield● biased
al, ●nd ●n “apparent” react%vi~ that can be eigniflcantlydifferentfromthe
truereactivityof the system. Second, for Nghly subcritical ●yst~, nl
will be severalordereof magnitudelowerthen~. 7he counting~tatiatics
●t nl may become so low ●s to produce a largw uncertainty in nl and ● ●ubee-
quentlylarge uncertaintyin the calculatedp. And thirds because the
pr~t-drop ●pproximation●ss-s ●n Inotantaneouaremovalof the source,if
the sourceie not removed in ● time that is short compared to the shortest-
lived delayed-neutron group,●xtrapolatinghck in time to findnl may become
more tenuous,resultingagainin ● largeuncertaintyfor p.

I!WTEGXUPFLUXMETHOD

A vast improvementto the pr~t4rop ●pproximationtechniquewas
introducedby Schmid.[31 Rather than just obeerwa the initialbehaviorof
the ne~wrondensityfollowingthe sourcejevk, the integralof the delayed-
neutrentail followingthe sourcejerk 1. measured●nd relatedto the reac-
tivityof the system. Ibis relationshipis tisrived●s follows.

Immediatelyfollowingthe sourcejerk,it is ●ssumedthat th point-
reactor ●quationsfor ●n ●rbitrarynumberof dalayed-neutrongroupsie
●pplicable. That 1s,

+ “ (+) n + ~i~ici+ qb , ●nd

dCi Oi

()m- Tn-Aici ‘
for i M 1,2,3,.0.,g ,

(2)

(3)

where n = nautrondensity,t = time,Cl m delaysd-neutronprecurcor deneity
of ith group,qb = the final●ffective sourcestrength,~i o desay constant
of ithprecursorgroup,8

t
= delayed-aemtronyidd of it precursor group,

g - number of delaya+neu ron groupc,●nd 1 D neutron-generationtime. Tnte-

grating Eqs. 2 ●nd 3 from t = O to t - - yieldm the following●xprtrnsion,
which relatesreactivity(in dollars)to tha intagralof the neutrondonoity
occurringduringthe decnyof the delayed-neutron tail (Figure 2)!

(4)
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Figure2
Integralof the neutrondensityused in

The firstterm in the bracketon the ritrht-hand
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source-jerkanalyeis.

aideof Eq. 4 ie recognized
●. the weightedharmonimean decaycon;tantfor the delaye+neutron-
precursorcoThat is,

(5)

It is obviou.that Ah is ● functionof both the ●ffectiva relative yi@lds●nd
the decayconstantsof ●ach delayed-neutron groupfor the reactor system upon
which the source jerk ia performed. Therefore, some ●dditionalknowledgeof
tho reactor system is requiredin order to perform ● reactivity mcaturement
using this technique.thingthe delayed-neutronparameter meanuvedby
Keopin,Wimott, ●nd Zeigler,typicalvalueeof Ah ●re shownin tho
Table.[4]



TABLE
DEUYED-NEUTRONNA2MONICMEANDECAYCONSTANT

Energv Fuel Ah(s-~)

Thermal 23%
239~

0.0767
ThermeL

23%
0.0648

lherme!\
23%

0.0543
1.45Mv

239h
0.0784

1.58
23%

0.0683
1045 0.0559

Becauseneutrongenerationtimesrangefrom 10-3to 10-8for umt
reactors,the secondtermin the bracketon the right-hand.Lde of Eq. 4 is
usuallynegligiblein co~arison to l/A .

a
Contingentupon this condition

beingeatiafied,Eq. 4 caa be ●i~lifie to

P (no- nb)
_m-

0 Ah ~(11 - nb)dt ●

(6)

Althoughthis method r~’presents●n iqmovement over the pr~t-drop
●pproximation,in some re.ptctoit etillsul!fere.?Irst, ●dditional informa-
tion●tout the reactor Is required. Itio●ffectivedelayed-neutronparameters
(i.eo.Aj ●nd 81) ust beknmrn in order toovaluate Ah. Although the wet
majority of reactor synt- normally●ncounteredcan be well characterizedby
the valuea-hOwnin the Tabl~!,the requirementof knowingthe deleyed-neutron
parametersdoes prtcludeueillgan integral-fluxtechniqueon “black-box”type
syateme. Ihio is in contrastto the prompt-dropmethod. In that formula-
tion,the only Informationntces.my to memsm the dollars subcritical1.
the initial●quilibriumpower level●nd the powerle~~diately following
tht oourcejerk.

Asuming that the additionallnfometion requirement i. not ● con-
straint,the integralmethod is .ttllbsoed upon the point-reactormodel●nd,
●. such,requiresthat the mzswred neutrondensities n ●nd

‘1
must be prw

portioml to the fundamentalretieof dacaythroughoutthe ●nt ro transientif
Eq. 6 ic to yield the correct rower. This cm only be ●cc~lirnhodby the
judiou.choice of both source imd detector positionwithinthe reactor Bya-
tem, particularlyif k ia well below1.0. As with tho pro~t4rop method, ●

poorly positionedsource or dotoctor will yield ●n “apparent”reactivitythat
cm be significantly biaoedfrcrn the true reactivity.



Severalwthodo have be~npropesedto convertfrom ●n ●pparent(or
s~elally-dapendent)reactivityto the true reactivityof the system. ‘In
~ral, there have been two ●pproaches.Iltefirst●pproachis to placethe
source- detector(o)in a locationwherethe firstharmonic1. mulledout,
thereby●llmringn and ~ to be nearlyproportionalto the fundamentalmode.
-waver, thismethodpres~es that thisnode poeitionis known. For symmet-
ric System, this prea~tion may be questionable.The second●pproachhas
been to ae$-e that the truereactivityis relatedto ●n ●pparentreactivity
via

(;)t = f(t)(q 8* ‘ (7)

wh~re the correctionfactor f is a spatially-dapendent quantity thatnuat be
determinedfrom ●ither● directmeasurementor ● calculationof both the neu-
tron ●nd ●djointfluxes. lb date,the ●dequacyof Eq. 7 has been shownto be
successfulfor aubcriticslsystemswith k of 0.95or higher.[5-11]

AlthoughEq. 7 corrccte fo: ‘he problem that●risesfrom spatial
●ffect., ●other potentialproblemplaguesthismethodof analysis. If the
●ourceis not removedinstantaneously,the integralof the neutrondens~ty
may be ●lteredsignificantlyduringthe ●ourca-removal‘ratq”. For systems
that are highly subcritj.cal, the contributionto the integralduringthe
source-removalr- may be ●s largeor largerthan the contributionfrom the
●ntiredalaye+neutrontail. ‘fhie,obviously,will resultin ●n ●rroneous
calcul~tionof reactivity.To circumventthispotwtial problem,● new
methodfor ●nalyzing●eurc-jerk data I* propoeed●s follow.

INVERSEKINETICTECHNIQUE

RatherthanintegrateEqs. 1 ●nd 2, it can ba shownthat the aolut*ontc
that systemof differentialequationsfot ● source-jerktransientin ● uystem
subcriticalby p/H corre.pmdsto

(8)

where u ●quals ths jth root of tha Inhour●quation,~i represmts the aum
from i~ 1 to i = g, ●nd ~ representsthe ●um fromj - 1 to $ = g+ 1,
Equation8 it valid for t 3 to, Wh.- to wrer-t~ ●n ●ribt-y t~~ ~hiftt
?0? t C to, the reactor i. ●t its Cteadj-stat@valueof ~.
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Equation8 describesthe titiependent behaviorof the fund-ntal mode
neutrondensity. It is notedthst the right-handsideof Eq. 8 ia a function
of the followingparameters:P/Og 0~16B Alv ~ 1/0. me root=~ M s are

Jknown quantitiesthat can be detemined from the inhour ●quation on e the
●bove parameters●re specified. As with the integral-flux-thod, this
requirec●- ●dditionalinformation●bout the systemuponwhich the source
jerk is to be performed. If It is ase-ed thatthe delayed-neutron
parameters●re known,then the right-handsideof Eq. 8 becomesstrictlya
functionaf reactivity(in tem of dollaro). Hence,givena powerhistory
producedby ● sourcejerk in s well definedeyotea,it ie poscibleto
determinethe reactivityof the systm by srcceosivnly integrating onp/6
untilthe vowerhistorypredictedby Eq. S mstches the observedpowerhistory
producedby the sourcejerk. Tn orderto performthisiteration,● nonlinear
leact-squaresfittingcodehes been adaptedfor thispurpose.[12] An
exampleof ● sourcejerktransient●nslys~susing thistechniqueis shownin
Fi@re 30

~rforming •~ ●nslysisof ● souce-jerktransientusing thiotechnique
Improvesthe experimentin two ways. First,the resultbecomesonlyweakly
dependenton the source-removalramp time. This occursprimsriiybecausethe
relativepower,●t timecseveralsecondsinto the transient,Is ●ssentially
identflcalto the relativepaer correspondingto ● true step removalof the
source. Hsnce,for ●ourceremovalrsmp timesof 1 secondor less,the

ld’ V

“’’”<7THERMAL FISSION OF U-235
.

@-$ -.9446 +/- 4.15s-03
(FOR ~ = .00684 +/’-L7E-04)

10-’ ●fgy +/- 1.*-04
/$:. +/- 4,

w
3

+

●☞☞☞
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,o-,~+d
-50 0 50 100 150 200 250 300

TIME (d

Figur@3
lbca~leof analysisof source-jerktransientuoicg the

inverse+lneticmethod.



loaat-squares fit of the data following the source ramp will yield the same
anauer aa if it wre a true step changein source strength. second, by
analyaiag the traneient behavior frm beginningto ●nd, it la eaaily•mce~
taimd if the dalayed-meutron tail is well correlatedby the choice of the
delayed-neutron parametersaaswd for that system by visuallycomparingthe
data ●gainat the leaaeoquaresfit.

~ the otherhand,the inverse-kineticmethodstillsuffersfrom the
problems that pla~e both the pr~t-drop method●nd the integral-flux
method. Hsmely,●patial●ffects can significantlybias the reactivity
measurement.

CONCLUSIONS

Measuringreactivityof ● subcriticalsystemby way of ● sourcejerk is
an ●asy ●nd viabletechnique. It requiresvery littleelectronicequipment
●nd can be performedin less than30 minutes, Kkpendingon the methodchosen
to ●nalyzethe transientdata (i.e.,the prompt-drop,the integral-flux,or
the inversekineticmethod),the resultscan be very accuratein the rangeof
k > 0.95●nd can be reasonably●ccuratein the rangeof 0.5 < k < 0.95.

The only seriouslimitationto the use of the sourc-jerk technique
●risesprimarilyfrom biasesintroducedby spatial●ffectmin far subcritical
systems. However,with properchoiceof sourceand detectorposition,these
biasescan be reducedto withinacceptablelimits.

Currently,work is in progressat Los Alamosto quantifythe biaseathat
●re createdby spatialeffectsin relativelysimplesystems. (hce thiswork
is c~leted, more difficult(andperhapsmore practical)systems will be
studiedin hopesof defining● regimein whichk can be measured●dequately
usingthe sourc~jerk technique.
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